Inversion polymorphisms in the African malaria vector Anopheles gambiae segregate along climatic gradients of aridity. Despite indirect evidence of their adaptive significance, little is known of the phenotypic targets of selection or the underlying genetic mechanisms. Here we adopt a systems genetics approach to explore the interaction of two inversions on opposite arms of chromosome 2 with gender, climatic conditions, and one another. We measure organismal traits and transcriptional profiles in 8-d-old adults of both sexes and four alternative homokaryotypic classes reared under two alternative climatic regimes. We show that karyotype strongly influences both organismal traits and transcriptional profiles but that the strength and direction of the effects depend upon complex interactions with gender and environmental conditions and between inversions on independent arms. Our data support the suppressed recombination model for the role of inversions in local adaptation, and-supported by transcriptional and physiological measurements following perturbation with the drug rapamycin-suggest that one mechanism underlying their adaptive role may be the maintenance of energy homeostasis.
Inversion polymorphisms in the African malaria vector Anopheles gambiae segregate along climatic gradients of aridity. Despite indirect evidence of their adaptive significance, little is known of the phenotypic targets of selection or the underlying genetic mechanisms. Here we adopt a systems genetics approach to explore the interaction of two inversions on opposite arms of chromosome 2 with gender, climatic conditions, and one another. We measure organismal traits and transcriptional profiles in 8-d-old adults of both sexes and four alternative homokaryotypic classes reared under two alternative climatic regimes. We show that karyotype strongly influences both organismal traits and transcriptional profiles but that the strength and direction of the effects depend upon complex interactions with gender and environmental conditions and between inversions on independent arms. Our data support the suppressed recombination model for the role of inversions in local adaptation, and-supported by transcriptional and physiological measurements following perturbation with the drug rapamycin-suggest that one mechanism underlying their adaptive role may be the maintenance of energy homeostasis.
Anopheles gambiae | aridity | chromosomal inversion | climate adaptation | systems genetics C hromosomal inversions are structural mutations causing reversals of gene order arising when a chromosome breaks in two places and rejoins after a 180°rotation. Pioneering population studies of inversions relied on polytene chromosomes found in Drosophila and other dipterans, but the postgenomic era is revealing that inversions have much wider evolutionary impacts across the tree of life (1) (2) (3) (4) . While direct phenotypic consequences of these mutations can arise from lesions in coding sequences, the creation of fusion genes, or altered regulatory context at inversion breakpoints (5) (6) (7) (8) , it is their indirect effect on crossing-over that is thought to drive sex chromosome evolution, local adaptation, and speciation (9) (10) (11) (12) . In inversion heterozygotes, crossing-over between alternative orientations is effectively suppressed (13) , due both to physical constraints and to aneuploid recombinant gametes. As a result, beneficial allelic combinations captured by and/or arising on the inverted orientation are protected against homogenization with genetic backgrounds on the opposite (standard) orientation. Under spatially varying selection, suppressed recombination in polymorphic inversions may facilitate local adaptation to environmental heterogeneities even in the face of migration and gene flow (3, 9, 14) .
Owing to a rich historical tradition and powerful genetic tools, the most extensive evidence that inversions are adaptive and may be the targets of natural selection comes from studies of the genus Drosophila (1, 4), although evidence from outside this genus is mounting (e.g., refs. [15] [16] [17] [18] [19] [20] . In Drosophila melanogaster, latitudinal and altitudinal clines in inversion frequencies associated with climatic variation have persisted over decades despite unimpeded population connectivity (21) . Clines have both shifted in response to climate change and formed in parallel on multiple continents. Within localities, inversion frequencies cycle predictably with the season. Moreover, inversion polymorphism has been associated with a variety of fitness-related and ecologically relevant traits, including heat and cold tolerance, desiccation resistance, growth rate, body size, fecundity, and longevity (1, 4) . Population genomic studies of clinal inversion polymorphisms have revealed patterns of nucleotide variation consistent with an adaptive role for inversions (22, 23) . Although the genic targets of selection and the molecular mechanisms underlying inversionassociated phenotypes remain unresolved in most systems (24) , there has been some recent progress in the Drosophila model. Using distinctly different species and experimental designs, two studies investigating the effect of chromosomal inversions on patterns of gene expression reached remarkably similar conclusions: (i) inversions significantly affected the transcript abundance of numerous genes, (ii) inversion-affected transcripts were overrepresented inside inverted regions but were not exclusive to these regions, and (iii) there was scant evidence of direct (position) effects near breakpoints (6, 8) . These observations support a model of local adaptation premised on the indirect effect of recombination suppression maintaining combinations of differentially expressed genes (DEGs). Functions enriched among inversion-affected genes included chemoreception (8) and
Significance
Chromosomal inversions play an important role in local adaptation. Strong evidence exists of selection acting on inversions, but the genic targets inside them are largely unknown. Here we take a systems genetics approach, analyzing two inversion systems implicated in climatic adaption by Anopheles gambiae. We profiled physiology, behavior, and transcription in four different karyotypic backgrounds derived from a common parental colony. Acclimation to different climatic regimes resulted in pervasive inversion-driven phenotypic differences whose magnitude and direction depended upon gender, environment, and epistatic interactions between inversions. Inversion-affected loci were significantly enriched inside inversions, as predicted by local adaptation theory. Drug perturbation supported lipid homeostasis and energy balance as inversion-regulated functions, a finding supported by research on climatic adaptation in multiple systems. sterol transport (6) . Investigation of the patterns of karyotypeinfluenced transcriptional variation outside of Drosophila could provide valuable insights regarding the generality of these findings.
In a recently radiated group of Afrotropical mosquitos known as the Anopheles gambiae complex, most of the morphologically indistinguishable sibling species are separated by at least one fixed chromosomal inversion difference. Several species in this group play minor or no roles in malaria transmission, but threethose that are extensively polymorphic for chromosomal inversions on chromosome 2-are among the most efficient malaria vectors in the world, including the nominal member, An. gambiae sensu stricto (henceforth, An. gambiae). This species is broadly distributed across much of sub-Saharan Africa, spanning contrasting environments from tropical rain forest through Sahel savanna. Six of its common inversion polymorphisms-one on chromosome 2L and the rest on chromosome 2R-vary in frequency along gradients of aridity in Nigeria, Burkina Faso, Cameroon, and elsewhere (20, (25) (26) (27) . Notably, the frequencies of all six inversions increase as the degree of aridity increases. Assuming independent assortment of left and right arms, this suggests that the 2L inversion and one or more 2R inversions might contribute, additively or epistatically, to phenotypes that resist aridity. A pooled genomic sequencing study of An. gambiae clines of two polymorphic inversion systems in Cameroon, In (2La) and In(2Rb), revealed large and significant levels of differentiation only between rearranged (not collinear) genomic regions at opposite ends of the cline (25; also see ref. 28 ). Together with evidence of gene flux between inverted and standard orientations of rearrangements in the center of the cline where heterokaryotypes are frequent, this suggests that spatially varying selection targeting 2La and 2Rb maintains the cline. In laboratory studies, the 2La and 2Rb inversions have been associated with body size and resistance to thermal and desiccation stress (29) (30) (31) , consistent with a role in aridity tolerance. Transcriptional profiling of larvae subjected to heat hardening revealed differences in the intensity and nature of the thermal stress response between 2La and 2L+ a larvae, particularly with respect to proteasome, chaperone, and metabolic functions (32) . In field studies, inversion 2La also has been associated with epidemiologically relevant traits such as Plasmodium infection rate and indoor resting/biting (20, (33) (34) (35) , the latter a presumed behavioral response to an arid microclimate (20) . The common association between climate and polymorphic inversion frequencies in Anopheles and Drosophila raises the question of whether parallel inversion-associated mechanisms of climatic adaptation exist.
Previously, we performed a genomic analysis based on clinal sequence variation in karyotyped An. gambiae from an aridity gradient in Cameroon to identify candidate functions implicated in climatic adaptation (25) . Here, we adopt a complementary systems genetic approach. Beginning with a chromosomally polymorphic laboratory colony recently established from the center of the Cameroon 2La-2Rb inversion cline, four alternative homokaryotypic subcolonies were derived [which we designate (a;b), (a;+ ]. Using 8-d-old male and female adults from each subcolony, maintained under controlled climatic regimes (either benign or arid), we measure organismal traits (body mass, lipid and glycogen content, fecundity, longevity, and nighttime foraging behavior) and global transcriptional profiles. We analyze these data to address the following questions: (i) Do inversions significantly influence organismal and transcriptional phenotypes? (ii) Does the phenotypic influence of an inversion depend upon gender, climate, and/or the status of the other inversion? (iii) Are the inversion-affected genes overrepresented in rearranged regions? (iv) What functions are enriched among inversion-affected genes, and can functional hypotheses be supported through pharmacological perturbation? Our results demonstrate that inversions significantly affect phenotypes, but the magnitude and even direction of the effect depends on complex interactions with gender, environment, and the inversions themselves. In agreement with previous studies in this and other systems, inversion-affected genes are overrepresented inside rearranged regions. Our data suggest that lipid metabolism and, more generally, energy homeostasis are associated with inversions, and this hypothesis is broadly supported by perturbation with the drug rapamycin.
Results and Discussion
Organismal Traits Are Strongly Affected by Gender and Environmental Treatment. We measured a set of organismal traits in aridacclimated and benign-treated samples of male and female An. gambiae adults carrying all four homokaryotypic combinations at In(2La) and In (2Rb) Fig. S1 and Table S1 . A four-way ANOVA with gender, treatment, and both inversions as main effects indicated that gender and treatment significantly influenced all traits investigated ( Fig. 1 and SI Appendix, Table S2 ). With the exception of life span, the contribution of gender to trait variation (as reflected by effect size, η 2 ) greatly outweighed that of the other factors and interactions (SI Appendix, Table S1 ). Females were consistently larger (in dry mass) than males, containing more lipid and less glycogen per unit mass than their male counterparts (SI Appendix, Fig. S1 and Table S1 ). Females also lived significantly longer than males, but prolonged exposure to arid conditions drastically reduced the life span of both sexes and tended to reduce female fecundity, as measured by the number of eggs in the first clutch (SI Appendix, Fig. S1 and Table S1 ). Arid-acclimation also tended to increase dry mass, reduce standardized water content, and increase nighttime foraging activity in both sexes. Indeed, environmental treatment was second only to gender in terms of its impact on dry mass, water content, and nighttime foraging activity and was the most important source of variation in life span.
Karyotype Is Another Important Influence on Organismal Traits. One or both inversions also significantly influenced each of the organismal traits we assessed ( Fig. 1 and SI Appendix, Fig. S1 and Tables S1 and S2). Inversion 2Rb had a greater effect than environmental treatment on lipid and glycogen content as well as fecundity (SI Appendix, Table S2 ). Notably, significant interactions Fig. S1 and Table S1 ). In addition, benign-treated (a;+ b ) females were larger than all other karyotypes under comparable environmental conditions. By contrast, the dry mass of males was statistically indistinguishable by karyotype class irrespective of environmental treatment. Lipid content of benign-treated (+ a ;+ b ) females and arid-acclimated (+ a ;+ b ) karyotypes of both sexes was significantly higher than that of other karyotypes under equivalent environmental conditions (SI Appendix, Fig. S1 and Table S1 ). Under either environmental treatment, the (a;b) karyotype tended to have the lowest lipid content in females, the lowest glycogen content in both sexes, and was generally associated with a higher level of nocturnal foraging activity, particularly in males. Using microarrays, we assessed variation in global transcript abundance across sex, environmental treatment, and the four karyotype classes. Of the 13,123 transcripts on the array, 12,322 (94%) were expressed in our samples and included in the analysis.
As a first step, we performed unsupervised hierarchical clustering based on overall similarity of transcriptional profiles (Fig.  2) . The resulting dendrogram initially bifurcates into two deeply divided main clusters reflecting profound differences in female and male expression profiles. The female cluster further bifurcates according to karyotype rather than environmental treatment. The first female bifurcation corresponds to the In(2La) orientation, + a versus a. Each female In(2La) cluster then bifurcates again according to the In(2Rb) orientation, + b versus b. The male cluster, by contrast, does not bifurcate in a pattern that is easily classified. However, the initial subdivision loosely corresponds to environmental treatment: arid-acclimation versus benign. There is no obvious clustering by karyotype.
Next, ANOVA was used to partition the variation in expression among gender, treatment, the two inversions, and their interactions (Table 1 and SI Appendix, Fig. S2 ). Of the four main effects, gender was the most important. The sex term was significant at a false-discovery rate (FDR) of Q <0.05 for 11,444 (93%) of expressed transcripts, showing pervasive sexual dimorphism for gene expression. A total of 2,862 transcripts had at least a log 2 fold change of 1.2 in transcript abundance between sexes. Among the other three main effects, it is noteworthy that 2La affected the expression of a larger fraction of transcripts than arid-acclimation, 4,550 (37%) versus 3,841 (31%). Inversion 2Rb had a smaller impact than the other factors but nevertheless differentially affected 1,576 transcripts (13%).
Given the positive correlation between degree of aridity in Africa and the frequencies of the inverted orientations of both inversions, it is perhaps unsurprising that there was overlap in the sets of genes whose expression was influenced by 2La, 2Rb, and aridity ( Fig. 3) . Inversions 2La and 2Rb jointly affected 802 genes. The overlap between genes influenced by either or both inversions and environmental treatment involved 2,279 genes, of which 308 were significantly affected by all three factors.
Transcript Abundance Is Affected by Complex Interactions. The ANOVA revealed numerous pairwise and higher-order interactions among gender, environmental treatment, and inversions that impacted transcript abundance (Table 1 and SI Appendix, Fig. S3 ), as is consistent with our findings based on organismal phenotypes. For example, the interaction between gender and treatment significantly affected the transcript abundance of 4,739 genes (38%). For a subset of these genes (43%), we detected no significant impact on gene expression of environmental treatment alone, likely because transcriptional abundance was significantly altered by environmental treatment only in males (not females). Additionally, a significant interaction between 2Rb and aridity affected the expression of 556 genes. Unexpectedly, however, there was no indication of a corresponding interaction between 2La and aridity. Consistent with the hierarchical clustering results (Fig. 2 ), there were also important pairwise interactions between inversions and gender that affected the expression of ∼300 genes in both cases. Finally, we found a significant interaction between 2La and 2Rb that impacted the expression of 812 (6%) genes. 
; b, 2Rb; E, environment; S, sex. *In males vs. females; inverted vs. standard karyotypes; arid vs. benign conditions.
DEGs Are Concentrated in Chromosomal Rearrangements. Genes whose expression was significantly altered by 2La were not randomly distributed across the genome. Instead, there was a significant overrepresentation on chromosome 2L (P << 0.001 by Fisher exact test of a 2 × 2 contingency table) (Fig. 4) . Similarly, genes whose expression was significantly affected by 2Rb were significantly overrepresented on chromosome 2R (P << 0.001) (Fig. 4) . The patterns of significant excess on 2L and 2R were robust both to a more stringent cutoff for differential gene expression (Q <0.01) and to separate consideration of up-and down-regulated genes. The excess of 2La-responsive genes on chromosome 2L and the corresponding excess of 2Rb-responsive genes on chromosome 2R was explained mainly by a disproportionate concentration of such genes between the breakpoints of the ∼22-Mb In(2La) and the ∼7.6-Mb In(2Rb) on chromosomes 2L and 2R, respectively (P << 0.001 by Fisher exact test in both cases). Nevertheless, 2La-and 2Rb-responsive genes were not overrepresented near breakpoints within inversions, as judged by comparing the proportions in the 10% most-distal and most-proximal regions with the 80% in the center (P = 0.2 by Fisher exact test in both cases). This suggests that the pattern is not merely a direct phenotypic consequence of chromosome breakage with resulting position effects. A peak of 2Rb-responsive genes on chromosome 2R also occurs outside of In (2Rb). This peak lies outside the span of two other chromosomal rearrangements polymorphic in West and Central Africa, In (2Rc) and In(2Ru), but it may overlap a third whose breakpoints have not yet been molecularly localized, In(2Rd).
Coexpression Network Analysis of Genes Suggests Female-Specific Transcriptional Correlations Across Karyotype and Phenotypic Traits.
Complementing differential gene-expression analyses, we also performed an unsupervised weighted network-based analysis (WGCNA) of the complete dataset to identify clusters (modules) of similarly expressed and potentially coregulated genes. We then assessed the correlation of each module "eigengene" with individual phenotypic traits or treatments. The eigengenes of 14 of 22 modules identified were significantly correlated with gender status (after correction for multiple testing), and most of these were also significantly correlated with multiple behavioral and physiological traits (SI Appendix, Fig. S4 ). The module 8 eigengene was the only one significantly negatively correlated with aridity (i.e., component genes were underexpressed in the arid versus benign treatment); it was also significantly positively correlated with normalized water content, a trait known to affect survival in the face of desiccation stress (36, 37) . Likewise, only module 17 was significantly correlated with inversion status, showing the strongest (positive) correlation of any module-trait relationship, but this module was not significantly correlated with any other trait.
Given the extensive sexual dimorphism seen at the transcriptional level, we constructed separate coexpression networks for females and males and found 35 and 30 modules, respectively (Fig. 5) . While the majority (77%) of male modules overlapped with at least one female module (Fisher's exact test of 2 × 2 contingency tables with P < 0.05 after correction for multiple testing) (SI Appendix, Fig. S5 ), in most cases the degree of overlap was weak. Of the seven male modules most strongly overlapping female modules (M1, M3, M28, M13, M7, M6, and M17), only two (M1 and M17) were significantly correlated with any traits or treatment ( Fig. 5A and SI Appendix, Fig. S5 ). Overall, the male module-trait relationships revealed significant correlations between six modules and aridity, a subset of which were also strongly correlated with dry mass, normalized water content, lifespan, and nighttime foraging activity but not with inversion status. Indeed, only three male modules were significantly correlated with inversion status (and no other traits), and one of these, M17, is of interest because it is the module most strongly correlated to any trait and strongly overlaps female module F5 (see below). In striking contrast to male module-trait relationships, only one female module was significantly correlated with aridity, but nine were significantly associated with the status of one or both inversions (Fig. 5B) . In turn, subsets of these inversion-correlated modules were also correlated with body traits, but instead of the correlations with dry mass, water content, and lifespan, as was the case for males, the body trait correlations in females mainly involved glycogen and lipid content. Female module F5, like its strongly overlapping male counterpart M17, was the module most strongly correlated with any trait in females, and in both cases the association was with 2La. However, strikingly, the correlations between 2La and female F5 or male M17 are in opposite directions-positive in females, negative in males. Overall, the WGCNA analysis agrees well with the hierarchical clustering analysis (Fig. 2) in revealing the strong gender-based dichotomy in the role of karyotype and environment on male and female gene expression. These results are also in accord with the analysis of organismal traits (Fig. 1) KEGG) pathways and annotation clusters, we then manually appraised affected genes for functional insights, leveraging the experimental evidence available in FlyBase for those genes with a D. melanogaster ortholog predicted by OrthoDB (38) . Detailed results are provided in Dataset S1. Chronic exposure to aridity up-regulates stress-response genes. In a previous study, we employed the same aridity-acclimation regimen to explore its impact on cuticular hydrocarbon composition in An. gambiae and its sister species Anopheles coluzzii (39). We showed that longer unbranched alkanes were proportionately more abundant in arid-acclimated mosquitoes than in those maintained under benign conditions, implicating longer alkanes with higher melting points in desiccation resistance. Consistent with those results, here we observed that aridity acclimation was associated with an enrichment of genes involved in lipid biosynthesis (SI Appendix, Table S3 ); among them were at least six encoding fatty acid elongases. Other enriched annotation terms and pathways (SI Appendix, Table S3 ) point to a stress response involving chaperones in the Hsp90 and Hsp40 (DnaJ) families and the proteasome, with concomitantly increased cellular energy production and response to oxidative stress (e.g., cytochrome P450s, catalase, peroxidases).
Functions enriched among genes down-regulated by aridity include carbon metabolism and innate immunity.
2Rb up-regulates genes involved in intermediary metabolism and ATP production. Among genes up-regulated by 2Rb, we detected a number of enriched pathways and annotation clusters related to metabolism and energy production ( Table 2) . Two other annotation clusters are noteworthy. In the modulation of synaptic transmission cluster are six carboxylesterase genes which have many-to-many orthology relationships to genes in Drosophila that have been implicated in a variety of behaviors, including thermal nociception (40) . The DNA-repair cluster contains the master transcriptional regulator p53, which initiates the response to DNA damage, as well as mismatch-repair genes, nucleotide excision-repair genes, DNA polymerase η, and ribosomal protein S3. A robust repair response may be required to repair DNA damage induced by the up-regulated oxidative phosphorylation and/or greater UV exposure encountered at high latitudes in Africa where 2Rb predominates, echoing findings reported for D. melanogaster (41). Among the functions enriched in the gene set down-regulated by 2Rb was innate immunity [e.g., C-type lectin genes and TGFβ-activated kinase 1]. 2La is implicated in the maintenance of energy balance. Although the frequencies of 2Rb and 2La covary geographically, their functional effects appear distinctive, with one main exception. Similar to 2Rb (and aridity), 2La down-regulates genes involved in innate immune functions (Table 2) . Represented across six enriched annotation clusters are genes encoding thioestercontaining proteins, peptidoglycan-recognition proteins, class A scavenger receptors, clip-domain serine proteases, Toll-like receptors, lysozymes, and cecropin antimicrobial peptides, all of which have known or suspected roles in insect immunity (42, 43) . Three other annotation clusters based on genes down-regulated by 2La are of special interest in light of the working hypothesis (discussed below) that physiological and behavioral aspects of energy balance are differentially regulated by 2La and 2L+ a . The first, circadian rhythm, contains takeout 1 and takeout 3 whose single fly ortholog (takeout) is under circadian control and regulates feeding frequency and locomotory behavior (44, 45) . The second contains sirtuin genes, evolutionarily conserved energy sensors that regulate metabolism and energy balance (46, 47) . The third (sensory perception of smell) mainly contains genes encoding odorant-binding proteins that have been shown to modulate feeding behavior in Drosophila (48). Given that gustatory receptors (GRs) also modulate feeding behavior (49) , it is worth noting that among the 40 genes most strongly downregulated by 2La (i.e., Q <0.05 and log 2 fold change >1.5) was GR31, a gene located on chromosome 2 inside In(2La).
Transcripts significantly up-regulated by 2La were enriched for components of the KEGG pathway endocytosis (Table 2) , the process of internalization and intracellular trafficking of cell membrane components and nutrients that modulates cell signaling (50) . In addition, DAVID identified four significantly enriched annotation clusters that, taken together, highlight lipid metabolism and integrate it with endocytosis (SI Appendix, Table  S4 ). The lipid recognition (ML) domain cluster contained eight presumptive Niemann-Pick type C2 (npc2) genes whose homologs in humans and fruit flies are implicated in sterol transport (51) . Two of these were among the top 31 genes most strongly up-regulated by 2La (Q <0.05 and log 2 fold change >1.5). The WD40 repeat domain cluster included genes that encode key components of the TOR complex 1 (TORC1) pathway, which serves in nutrient sensing and promotes both endocytosis and lipid synthesis (52) (53) (54) (55) . The small amidase cluster was composed of genes annotated as fatty-acid amide hydrolases, enzymes involved in lipid signaling. Two of these are orthologs of Drosophila genes whose products are found in association with lipid droplets (56) , organelles that play crucial roles in lipid metabolism (57) . Of several genes in the glycoside hydrolase cluster encoding enzymes that breakdown sugars, one α-glucosidase gene stood out as the ortholog of Drosophila target of brain insulin (tobi), a transcriptional target of adipokinetic hormone (AKH) signaling (58, 59) .
Drug Perturbation Validates a Role for 2La in Energy Homeostasis.
Overall, the organismal trait data suggest that female mosquitoes carrying inverted arrangements at In(2La) and In(2Rb) contain less lipid and forage more extensively at night than do uninverted karyotypes, regardless of benign or arid environmental conditions. Consistent with these findings, coexpression network analysis in females revealed especially striking transcriptional correlations with 2La status and lipid content and, to a lesser extent, with glycogen content and foraging bouts. These data suggest that 2La maintains a higher energy budget that depends on lipid fuel. Functional enrichment (DAVID) analysis of DEGs tended to reinforce a connection between 2La status and lipid metabolism, but the limitations of this approach prompted us to look beyond significantly enriched annotation clusters to survey more comprehensively the list of 2La-responsive genes for patterns consistent with our energy-balance hypothesis. We found three lines of support (SI Appendix, Table S4 ). First, insects maintain energy balance through systemic signaling initiated through peptide hormones binding their G protein-coupled receptors, resulting in the activation of PKA and alteration of physiology (e.g., mobilization of lipid and/or sugar stores) and behavior (e.g., food intake) (60) (61) (62) (63) (64) (65) . In agreement with expectations, genes encoding AKH, the receptors for AKH, corazonin, and short neuropeptide F, and PKA catalytic and regulatory subunits were significantly up-regulated in the 2La background. Second, we found many additional upregulated genes that function in TORC1 signaling: components of the TORC1 complex itself, upstream activators, the downstream master lipogenic transcription factor, and the two proteases required to activate this factor. Finally, we noted the up-regulation of several key genes involved in ecdysteroid biosynthesis and transport. These include genes encoding both the most important regulator of prothoracic gland edysteroidogenesis in insects and its receptor (60, 66, 67) as well as sterol transporters, among others. Unexpectedly, because our mosquito samples were neither mated nor blood fed, we also found transcriptional up-regulation of both ovary ecdysteroidogenic hormone and miso genes (SI Appendix, Fig.  S3 ), the latter previously characterized as a female atrial-specific reproductive protein whose expression is triggered by 20-hydroxyecdysone transferred by the male during copulation (68) . Although both genes have roles in egg maturation (68, 69) , our data suggest that they may have additional functions.
Prompted by transcriptional data consistent with a role for 2La in boosting lipid biosynthesis, plausibly through coordination with the TORC1 pathway, we employed pharmacological intervention to reduce TORC1 signaling. Importantly, TORC1 is not required for the basal homeostatic activity of the metabolic pathways it controls; instead, it "acts as a rheostat for cellular metabolism, reinforcing shifts between anabolic and catabolic processes as the nutrient state of the local and systemic environment changes" (55) . To inhibit TORC1 signaling, adult female 2La or 2L+ a mosquitoes were fed the drug rapamycin for 8 d. We then profiled global gene expression and measured normalized glycogen and lipid content from treated and control samples of both genotypes.
Rapamycin treatment profoundly altered the global transcriptional profile. Considering this treatment as a single factor without regard for alternative orientations of In(2La), we found that 11,091 genes (of the 12,143 expressed) were differentially expressed at the Q <0.05 threshold. Functional enrichment analysis of the 5,863 genes down-regulated by rapamycin revealed the expected overrepresentation of genes involved in translation (SI Appendix, Table S5 ). Among the slightly smaller number of upregulated genes (5,228), there was an enrichment of functions related to membrane channels and cell-surface receptors (particularly striking among olfactory receptors), hinting at possible neurosensory and behavioral alterations in response to metabolic perturbation. These same two functions, translation and olfaction, were also the most overrepresented in the 6,347 genes whose transcript levels reflected a significant drug × karyotype interaction (SI Appendix, Table S5 ). These data suggest that in a 2La background, the consequences of rapamycin treatment may be blunted; translation (and oxidative phosphorylation) may not be as strongly repressed, and, conversely, sensory perception may not be as strongly primed as in the 2L+ a background. In this regard, it is notable that the gene reptor was affected by the drug × karyotype interaction, so that its expression was higher in a 2La background. REPTOR is a recently discovered transcription factor acting downstream of TORC1 and is a major effector responsible for ∼90% of the transcriptional induction that occurs in response to TORC1 inhibition (70) .
Broadly consistent with our expectation of differences in energy homeostasis between opposite orientations of In(2La), chronic rapamycin treatment had different impacts on lipid and glycogen content in 2La and 2L+ a mosquitoes (Fig. 6 ). Treated 2L+ a mosquitoes had significantly less lipid than untreated controls, while glycogen content was not significantly altered. In contrast, treated 2La mosquitoes contained significantly more lipid and glycogen than untreated controls.
Conclusions
The concept of energy-limited tolerance to environmental stress (71) provides a useful framework for integrating the inversionaffected phenotypes observed in this study into a testable working model. Under optimal environmental conditions such as those at the southern endpoints of An. gambiae inversion clines, energy remaining from aerobic metabolism after securing basal metabolic costs would cover other investments, including immune defense, deposition of energy reserves, and reproduction. Moderate (nonlethal) thermal and desiccation stress at the northern endpoints should impose significantly higher basal metabolic costs and limit other energy allocations. These costs accrue not merely due to elevated temperatures per se but also to increased energetic Ratio (Rapamycin/Control) Fig. 6 . Effect of rapamycin on lipid and glycogen content. Results are shown as the ratio of rapamycin-treated to untreated control. Ratios were assessed for significance by a Wilcoxon rank sum test (*P < 0.05). Circles inside violin plots represent the median.
demands of diurnal temperature fluctuations (72) , which are substantial at high latitudes (>20°C) relative to lower latitudes of the forest belt (∼5°C) (73) . In keeping with energy-limited stress tolerance, studies using Drosophila have shown both that elevated temperatures and thermal stress deplete lipid reserves and that the protective but energetically expensive heat shock response is essential to protect flies from long-term body fat decline (74) .
Based on the results from our systems genetic analysis and our previous analysis of genomic differentiation along inversion clines (25), we hypothesize that chromosomal inversions may have enabled northern An. gambiae populations to adapt to fluctuating thermal (and associated desiccation) stress through a life-history alteration in energy allocation, increasing basal ATP production, lipid metabolism, and cellular stress responses at the cost of lipid storage (and fecundity, for 2Rb). Consistent with this hypothesis, our previous study of larval An. gambiae and their transcriptional response to heat hardening revealed not only a more aggressive up-regulation of heat shock genes by 2La versus 2L+ a but also the exclusive and very strong up-regulation by 2La of an Hsp90 cochaperone (Aha1) that is the most potent stimulator of its activity (75) . Under this model, the inversion cline would be maintained by fitness tradeoffs balancing higher survival of inverted karyotypes in the north with higher fecundity of standard karyotypes in the south. The patterns of lipid content, fecundity, and longevity measured in the laboratory are complex (SI Appendix, Fig. S1 ), and their applicability to the field is not straightforward, given that our experimental design differs in many ways from field conditions. Additional insights could come from incorporating temperature fluctuations, allowing blood meals and mating, and increasing the precision of stored energy measurements (76) . Future transcriptional profiling should include heterokaryotypes, assess tissue rather than global transcriptomes, measure miRNA levels, and, importantly, interrogate different developmental stages and multiple time points. Finally, protein-level investigations could complement these data, given that transcript abundance is not a perfect proxy for protein abundance. Despite these limitations, encouraging parallels between this and other systems are accumulating that may suggest common elements of climate adaptation: latitudinal gene expression and body size clines for Drosophila subobscura in Europe implicating the TOR pathway (77), corresponding tradeoffs between metabolism versus reproduction (78), and parallel latitudinal inversion clines in D. melanogaster on two continents implicating the TOR, ecdysone, and EGFR pathways as well as peptide hormone signaling and lipid metabolism (6, 79) . Such overlap between hypothesis-generating studies across different systems now justifies more targeted research.
The results presented here have conclusively established that An. gambiae inversions significantly influence organismal traits and transcriptional phenotypes. The disproportionate number of inversion-affected genes in rearranged regions away from breakpoints supports the suppressed recombination model of inversions in local adaptation, in accord with recent studies in other systems (6, 8) and with the transcriptional patterns observed in our earlier study of larval heat hardening (32) . Although the candidate heatresponsive genes reported in that study were not significantly enriched inside 2La, 2La-affected genes (defined as differentially expressed by ANOVA at an FDR <0.01) were indeed disproportionately represented 1.2-fold inside 2La (32) . These data complement our previous finding that significant nucleotide divergence between populations at opposite endpoints of inversion clines is also concentrated in the rearranged regions (and largely absent elsewhere) (25) . Finally, we have also clearly shown that the phenotypic effects of inversions depend on complex interactions with gender, climate, and other inversions. Inversion-affected phenotypes are expressed largely in females, perhaps because male An. gambiae are relatively short-lived, make smaller energetic contributions to reproduction, and store energy mainly as glycogen rather than lipid (SI Appendix, Fig. S1 ). While climate and 2Rb interact strongly, as anticipated, the absence of an interaction between 2La and climatic conditions is consistent with the hypothesis that 2La controls a life-history shift that preconditions the mosquito to withstand stress rather than merely responding to it.
Historical studies conducted with natural populations of several Drosophila species reported nonrandom associations between independent inversions on different chromosomes or chromosome arms, and a few found that natural selection was the probable cause (80) . For example, the nonrandom associations observed by Prakash (81) in a population of Drosophila robusta from Missouri were unlikely to have arisen from nonrandom mating and affected female viability and male fertility. To our knowledge, little attention has been devoted to relationships between the intermediate (transcriptome) phenotypes of independent inversions. Here we have shown interactions between inversions on different arms of An. gambiae chromosome 2 that differentially affect the expression of hundreds of genes, many of which appear to be involved in metabolic processes and translation. It is plausible, if not likely, that such epistatic interactions affect the physiology of An. gambiae in natural populations and may differentially affect fitness in heterogeneous environments. Not only natural An. gambiae populations but also many of the most commonly used laboratory stocks are highly polymorphic for chromosomal inversions. At the very least, these results caution against inversion-blind interpretations of gene expression, physiology, and behavior. Taken together, our data suggest that by providing the means to successfully exploit stressful environments, chromosomal inversions have indirectly but profoundly increased the vectorial capacity of this malignant malaria vector.
Materials and Methods
Mosquito Colonies and Husbandry. Experiments were performed using four subcolonies derived from the same parental colony of An. gambiae (formerly An. gambiae S molecular form) (82) . Determination of Body Mass, Lipid, and Glycogen in Individual Mosquitoes. Phenotypic measurements were made exclusively from sets of adults that eclosed on day 8 after hatching, to control for the effect of development time on body characteristics. Upon eclosion, 30 teneral virgin females and 30 males were transferred to each of two single-sex cages, which were randomly assigned to either benign (85% RH, 27°C) or to sublethal arid (60% RH, 30°C) insectary conditions and were maintained for 8 d with access to 10% corn syrup ad libitum, in conformity with previous studies of desiccation resistance in the N.J.B. laboratory (30 We expressed the data in terms of the number of activity bouts per 13-h night (11 h of darkness preceded and followed by 1 h of crepuscular transitions). An activity bout was defined as any number of contiguous minutes in which the infrared beam was broken at least once per minute.
Longevity and Fecundity. Longevity was defined as the mean number of days to death from the start of the experiment, which commenced with teneral adults that eclosed on day 8 posthatching. Thirty teneral female or male virgins were placed in each of five replicated cages supplied with 10% corn syrup solution. Cages were maintained under constant benign or arid environmental conditions. Dead mosquitoes were removed, the bottoms of the cages were cleaned, and survival was recorded daily. Longevity was estimated for each cohort (30 mosquitoes × 2 sexes × 2 conditions × 4 karyotypes × 5 replicates).
For the purposes of this study, fecundity was defined as the number of eggs in the first clutch; we did not attempt to record lifetime fecundity. Teneral adults that eclosed 8 d after hatching were placed in gender-specific cages supplied with 10% corn syrup solution and were held for 8 d under constant benign or arid environmental conditions. On the eighth day, 30 females and 30 males were cointroduced into each of five replicated cages. After a 24-h period to allow for mating, females were offered a blood meal. Two days following the blood meal, females were placed in individual oviposition tubes and were allowed to lay eggs over a 48-h period. All females tested laid eggs, and all clutches were observed to hatch. Mean clutch size was calculated for each cohort (30 gravid females × 2 conditions × 4 karyotypes × 5 replicates).
Rapamycin Treatment. As our focus was the role of 2La in energy homeostasis, experiments with rapamycin were conducted on only two NDO subcolonies, (+ a ;+ b ) and (a;+ b ), each maintained under benign (27°C, 85% RH) or arid (30°C, 60% RH) conditions. Following Bjedov et al. (84) , rapamycin (LC Laboratories) was dissolved in ethanol and added to adult food (10% corn syrup solution) at a concentration of 200 μM. (Immatures were reared on normal food.) Adults were fed rapamycin chronically (via saturated cotton balls) from eclosion until mosquitoes were killed at day 8.
Gene-Expression Profiling. Adult mosquitoes that were the source of RNA were maintained as described for collecting measurements of body characteristics: teneral adults that eclosed on day 8 posthatching were cultured for 8 d as virgins (without blood meals but with constant access to 10% corn syrup) under benign or arid conditions in single-sex cages. On day 8, they were flash-frozen in liquid nitrogen and stored at −80°C until RNA isolation. All mosquito samples were killed between 14:00 and 16:00 to minimize between-sample shifts in transcriptional profiles related to circadian rhythm. Following Cassone et al. (32) , total RNA was extracted from four replicate pools of 24 females (males). Each pool was converted to cDNA and was hybridized to 12 × 135 custom NimbleGen arrays for An. gambiae designed from genebuild AgamP3.5 (32) . Probe sets on this array were mapped to the AgamP3.8 gene set using the BioMart tool provided by VectorBase (85) . Experiments were run so that labeled cDNA samples from the different treatments were evenly distributed across the 12-plex chips; in no case were batch effects detected. Arrays were washed and scanned as described previously (32) .
A total of 64 arrays were hybridized for the main gene-expression profiling experiment that considered gender, environmental condition, and all four karyotypes (2 sexes × 2 conditions × 4 karyotypes × 4 replicates); these data have been deposited with ArrayExpress under accession no. E-MTAB-2463. In addition, we hybridized 12 arrays to assess the effect of rapamycin treatment on the expression profile of females homokaryotypic for alternative orientations of In (2La) XYS files containing the raw intensity values were imported into Bioconductor (86) . The quality of each array was assessed using the Bioconductor package arrayQualityMetrics (87) . The data were filtered to omit oligos that were misannotated or affected by physical imperfections, as previously described (32) . Filtered probes were subjected to background subtraction, normalization, and summarization using the Robust Multi-Array Average (RMA) algorithm. A transcript was tagged as not expressed if its expression values were within the bottom quantile (25%) of expression values across all genes and arrays. Only expressed transcripts were used for subsequent analysis.
The R package nlme was used to partition variation in gene expression using a linear mixed model with four main fixed factors and their interactions (gender, environmental condition, 2La, 2Rb) and replicate as a random factor. The significance of each factor was defined at an FDR <0.05 for this and all other analyses unless otherwise specified.
Tests of Functional Enrichment. Functional enrichment of Gene Ontology and other annotation terms in candidate gene lists was explored using the DAVID functional annotation tool (https://david.ncifcrf.gov/) (88) . DAVID 6.8 with updated Knowledgebase was used. The DAVID clustering module identifies functionally related gene groups based on their annotations and combines them into annotation clusters. The clusters are assigned an enrichment score which represents the minus log-transformed geometric mean of the modified Fisher Exact (EASE) scores within the cluster (89) . Significantly enriched annotation clusters were defined as those assigned an enrichment score ≥1.3 (P < 0.05). DAVID also was used to identify enriched KEGG pathways (https://www.genome.jp/kegg/pathway.html).
WGCNA. As a complementary approach to standard differential expression analysis, gene-expression data were explored using the R package WGCNA (90, 91) . Similarity of expression profiles between pairs of genes across all experimental conditions was assessed by Pearson's correlation coefficient. These pairwise coexpression-similarity measures (the value of the Pearson product moment correlation) were transformed into weighted adjacencies (values between 0 and 1 that reflect the network connection strength between genes), using a soft power adjacency function whose threshold parameters resulted in approximately scale-free network topology (92) . The gene-coexpression network constructed from a matrix of weighted adjacencies was analyzed to detect groups of densely interconnected positively correlated genes (modules), which potentially are coregulated. Modules were identified by calculating the topological overlap for all pairs of genes in the network and then selecting those genes strongly connected to the same group of genes in the network. The module eigengene, representative of a weighted average expression profile of a given module, was defined as the first principal component of the correlation matrix of the gene-expression data from that module, after mean centering and unit variance scaling. Module eigengenes were tested for association with gender, environment, karyotype, and phenotypic traits using a P value obtained from a univariate regression model (FDR < 0.05).
